Pure Mg 2 NiH 4 was first prepared by Hydriding Combustion Synthesis (HCS), under which pressure and temperature were sensitively controlled. The purpose of this paper was to study "Pressure-Composition-Temperature (PCT)" properties of the HCSed product, in which hydrogen storage capacity, hydriding reaction rate, and PCT curves were mainly examined, in comparison to the commercially available product, i.e., Ingot Metallurgy product. The results showed that the HCSed Mg 2 NiH 4 has 3.6 mass%, same as theoretical value, in hydrogen storage capacity in the first cycle just after synthesized without activation treatment, and very large reaction rate; only five minutes for full charge. Plateau pressure of the HCSed Mg 2 NiH 4 in PCT curves also became relatively lower than the conventional one. One of the most interesting results is the high activity of our product: it stored hydrogen even at room temperature. These results appealed a possibility of new productive process of hydrogen storage alloy from the viewpoint of product property.
Introduction
Magnesium-based alloys are most important hydrogen storage materials because Mg and its alloys have high storage capacity. Especially, Mg 2 Ni is well known due to absorbing hydrogen 3.6 mass% and the high kinetics of hydriding. However, the conventional process based on Ingot Metallurgy (IM), cannot produce pure Mg 2 Ni in a melting operation because magnesium has high vapor pressure and it causes evaporation loss. 1) For this reason, usually, over 5 times re-melting processes with additional magnesium are necessary to obtain the product with specific chemical composition. 2) In addition, the hydrogen storage alloy of IM product needs the activation process; hydriding and dehydriding over 10 times in general. If the activation is not enough, IM product cannot suit for practical use of absorbing hydrogen fully and quickly.
The Combustion Synthesis (CS), has been proposed as an alternative process to produce high purity Mg 2 Ni from saving energy and shortening operating time due to exothermic reaction. 3) In this process, powder mixture of magnesium and nickel with 2:1 molar ratio is heated in inert gas atmosphere, then an exothermic reaction between metallic powders happens and synthesizes pure Mg 2 Ni quickly. More recently, Hydriding Combustion Synthesis (HCS), has been proposed to produce full-hydride of Mg 2 Ni, Mg 2 NiH 4 , directly without any activation treatment.
4) The HCS is based on CS; namely, it operates CS under pressurized hydrogen atmosphere to induce simultaneous, direct hydriding reaction of Mg 2 NiH 4 5, 6) from mixture of magnesium and nickel powders.
There is an increasing interest in HCS so that many basic studies [7] [8] [9] 14) have been conducted up to now. Our previous reports 10, 11) showed some attractive advantages of HCS product: high purity composition, high hydriding kinetics and * 1 Undergraduate Student. * 2 Corresponding author, E-mail: takiyama@chemeng.osakafu-u.ac.jp high hydrogen storage capacity without any activation process. However, comparative analysis between HCS product and IM product is not yet carried out in spite of its significance from engineering aspect. Therefore, the aim of this study is to synthesize pure Mg 2 NiH 4 based on HCS and to compare it with IM product of Mg 2 Ni systematically, in which PressureComposition-Temperature (PCT), and hydriding reaction rate at different temperatures, 303 K, 423 K, 473 K, 523 K, 573 K and 603 K, were mainly examined.
Experiment

Sample preparation
The sample of HCS product was prepared from commercially available magnesium and nickel powders as in the previous study.
4) The powders of Mg and Ni, with 99.9 mass% in purity and less than 180 µm in particle size for Mg and 2 to 3 µm for Ni were well-mixed in 2:1 molar ratio by an ultrasonic homogenizer in acetone for 3.6 ks. The particle sizes of the Mg and Ni powders were selected as the minimum sizes in commercially available chemicals for maximizing the contacting area between Mg and Ni. After completely dried in air, 10 g of the mixture powder was used in HCS directly. To increase contacting area between powders, a compact of mixture powder was usually used in CS, however, uncompressed mixture powder was used in this study for easily hydrogen penetrating into the sample as reported previously. 4) In contrast, commercially available Mg 2 Ni, 10 g of cast Mg 2 Ni in cm order, and nominally 99.9 mass% in purity was used as IM product. Figure 1 is the schematic diagram of the reactor used in this study. The reactor is an Inconel tube with inside length of 520 mm and inner diameter of 70 mm. Three CA type thermocouples were attached to three holes under the sample container of stainless steel through the sample frame. These thermocouples were used not only to measure the temperature distribution of the reactor but also to fix the sample container at the same place in the middle of the tube every time. The central thermocouple-B was used to control the temperature of sample with high-accuracy. The accuracy within ±1 K was confirmed by a thermocouple inserted into the sample in the preliminary test. As a result, the uniform temperature zone was within ±5 K of 40 mm × 60 mm. The atmosphere pressure inside of the reactor was also controlled precisely within ±0.015 MPa of accuracy.
Synthesis reactor
Experimental procedures
The mixture powder was placed on the uniform temperature zone as mentioned above; the middle of the sample container, and the container, in the middle of the reactor. Before being heated, the reactor was evacuated to 10 Pa by using a rotary pomp. Then argon of 0.1 MPa was introduced into the reactor and this evacuation procedure was repeated two times to remove air from the reactor completely. Figure 2 shows the experimental conditions during HCS of Mg 2 NiH 4 . According to the study of reaction mechanism of HCS, 5, 12) at first, CS of Mg 2 Ni happens at high temperature very near the eutectic point of magnesium and nickel system, 779 K, and then the hydriding reaction of Mg 2 NiH 4 happens during the cooling period. Therefore, the sample was heated to 873 K at the heating rate of 0.12 K/s, then hold for 3.6 ks to induce CS of Mg 2 Ni. After holding period, the sample was cooled down to the room temperature naturally. The pressure of hydrogen atmosphere was kept at 4 MPa during the experiment for full hydriding reaction of Mg 2 NiH 4 .
The HCSed product was identified by XRD and used in PCT analysis directly without any activation treatment. The IM product of Mg 2 Ni was also analyzed by means of XRD and PCT. Before the PCT analysis, the lump of IM product was physically crushed to smaller than 5 mm of particle sizes. All PCT measurements were conducted based on Sievert's method, after vacuuming the samples for 2 h at 603 K by a rotary pump.
The procedures of PCT measurement of products were as follows: At first, hydriding/dehidriding cyclic test was done at 603 K under 3 MPa of hydrogen to measure the activation process and dynamic hydriding property. When the hydriding curves of the cyclic test became convergent, the sample was regarded as what is activated enough and then finished the cyclic test. Next, dynamic PCT property of the products finished cyclic test were continuously measured at different temperatures, 303 K, 423 K, 473 K, 523 K and 573 K, in which the other conditions were same as cyclic test at 603 K. Finally, PCT curve was measured at 603 K, sampling 2 h a point. After those PCT measurements, both products were hydrided and investigated by means of XRD. Figure 3 (a) shows the XRD patterns of the products of HCS and IM. The XRD pattern of HCS product reveals clearly only one phase of Mg 2 NiH 4 . This result accentuates HCS process produced high purity Mg 2 NiH 4 successfully as in the previous studies, i.e., synthesizing Mg 2 Ni with no evaporation loss of magnesium then hydriding it fully in the cooling period. In contrast, IM product shows impurity peaks of Mg and MgNi 2 which never absorbing hydrogen obviously. It is the evidence that IM process cannot produce Mg 2 Ni with desired chemical composition but un-uniformly distribution. Figure 3(b) shows the XRD patterns of HCS and IM products hydrided after PCT measurement. The HCS product had mainly one phase of Mg 2 NiH 4 , however/moreover, the Mg 2 NiH 4 could be discriminated into two patterns of crystal structure: Orthorhombic and Monoclinic. At the 24 degree of 2θ , a characteristic peak of Orthorhombic phase appeared clearly between two peaks of Monoclinic phase though the peaks of those two structures are very close that we cannot identify them instantly. IM product had only Monoclinic phase of Mg 2 NiH 4 , because the characteristic peak of Orthorhombic phase at 24 degree did not appear in XRD pattern. Such a structure difference between both samples might affect hydriding property as shown in Section 3.3. Figure 4 shows hydriding curves of both products of HCS and IM at 603 K. Note that the initial activity of HCS product was pretty good. The hydrogen storage capacity of HCS product in the first cycle reached as much as the theoretical value of Mg 2 Ni, 3.6 mass%, and the hydriding reaction rate was also large. In contrast, the activity of IM product was not good at 1st cycle of hydriding; IM product stored hydrogen only 1.0 mass% after 0.5 ks. The amount of stored hydrogen increased gradually through the hydridng cycling and finally, at the 6th times of hydriding, reached the theoretical capacity of 3.6 mass%, finishing the activation. Generally, the hydrogen storage capacity and hydriding reaction rate of IM product are not so large at the first time of hydriding and increases gradually during hydriding/dehydriding cycles of activation.
Results and Discussion
XRD analysis
Hydriding reaction
From the results, HCS product has high activity of hydriding; large hydrogen storage capacity and high hydriding kinetics without any activation process. For example (see arrows in Fig. 4) , at the 2nd cycle of HCS product, the amount of stored hydrogen reached 3.0 mass% in 0.05 ks. In contrast, IM product absorbed 3.0 mass% of hydrogen after 0.17 ks. It took 3 times as long as HCS product even after activation was finished. The hydriding reaction rate of IM product was much smaller than HCS product though they have the same main component of Mg 2 Ni. It is because IM product contained not only Mg 2 Ni, but also Mg and MgNi 2 as shown in Fig.  3(a) . Magnesium has small kinetics of hydriding, thus, the hydriding reaction rate of the material containing Mg should be small. Figure 5 shows the hydriding curves of both products of HCS and IM at different temperatures. The hydriding reaction rate and hydrogen storage capacity of HCS product were much larger than that of IM product at every temperature. Especially at lower temperature, 423 K and 303 K, HCS product absorbed hydrogen twice large as IM product. This result also appeals the high hydriding activity of HCS product. Figure 6 shows PCT properties of both products of HCS and IM at 603 K. The most significant points are that, the plateau pressure area of HCS product was sloping and the plateau pressure was not clear. In the area under 2.0 mass% of stored hydrogen, the PCT curve of HCS product was sloping roundly and showed lower equivalent pressure. It was obviously different from the IM one. This result reveals very attractive hydriding property of HCS product, because it stored more hydrogen under lower pressure. Over 2.0 mass% area, the PCT curve of HCS product became a little horizontal and closed to that of IM product. The IM product showed a very similar curve to the ideal PCT property of metal hydride: Starting from vertical line of hydrogen dissolvation into α-Mg 2 Ni phase, going through the plateau pressure area of coexistence of α and β Mg 2 Ni phases, then, completely finishing full-hydriding of Mg 2 NiH 4 at second vertical line. The plateau pressure in desorption period of IM product also conformed to the previous result, about 0.7 MPa. 13) The plateau pressure depends on sample component and temperature. Thus, such a difference between the curves of HCS and IM products under 2.0 mass% area was probably caused by difference of crystal structures as mentioned in Section 3.1. After PCT measurement, the hydride of HCS product had two kinds of crystal structure of Mg 2 NiH 4 . That is, this suggested possibility of Orthorhombic Mg 2 NiH 4 , which existed only in HCS product not in IM one, to store hydrogen under lower pressure than Monoclinic one.
PCT property
On the PCT curves, we realized another effect caused by impurity of Mg. The final hydrogen storage capacity of IM product was over the theoretical value of Mg 2 Ni, 3.6 mass%, and reached 3.7 mass%. This was caused by magnesium contained in the IM product, because magnesium itself can store 7.6 mass% of hydrogen. The final capacity of HCS product, having pure Mg 2 Ni in composition, reached to 3.6 mass% just as much as the theoretical value.
Conclusions
The purity, PCT property and hydriding reaction rate of both products of HCS and IM were investigated by means of XRD and PCT. The results obtained are as follows.
(1) The HCS successfully produced pure Mg 2 NiH 4 , with the XRD patterns of only one phase of Mg 2 NiH 4 . In contrast, IM product showed impurity peaks of Mg and MgNi 2 . After the PCT measurement, the hydride of HCS product showed the two types of crystal structure of Mg 2 NiH 4 , Orthorhombic and Monoclinic, implying the ability of Orthorhombic phase of hydriding under lower pressure than Monoclinic one.
(2) In the cyclic test at 573 K, the hydrogen storage capacity of HCS product reached a theoretical value and the hydriding reaction rate was much larger than IM product from the first time without any activation process. The IM product could not reach the rate and capacity of HCS product even after 4 times activations.
(3) At every temperature, the hydriding reaction rate and hydrogen storage capacity of HCS product are always larger than those of IM product. Especially at lower temperature, 423 K and 303 K, the capacities of HCS product were twice large as that of IM product.
(4) The equivalent pressure of HCS product in the PCT curve was always lower than IM product, suggesting that HCS product stores more hydrogen under lower pressure. The final hydrogen storage capacity of HCS product reached to 3.6 mass% just as much as the theoretical value.
